Abstract. This study aimed to evaluate in the Brazilian population, the genotypes and population frequencies of pharmacogenetic polymorphisms involved in the response to drugs used in treatment of acute lymphoblastic leukemia (ALL), and to compare the data with data from the HapMap populations. There was significant differentiation between most population pairs, but few associations between genetic ancestry and SNPs in the Brazilian population were observed. AMOVA analysis comparing the Brazilian population to all other populations retrieved from HapMap pointed to a genetic proximity with the European population. These associations point to preclusion of the use of genetic ancestry as a proxy for predicting drug response. In this way, any study aiming to correlate genotype with drug response in the Brazilian population should be based on pharmacogenetic SNP genotypes.
Introduction
Leukemia is a neoplastic disease derived from clonal expansion of blasts, which accumulate in the bone marrow preventing the formation of blood cells. Acute Lymphoblastic Leukemia (ALL) is the most common type of childhood cancer, corresponding to 25% of all cancers in children and 75% of leukemia cases [9, 19, 22] . Progress in drug development and chemotherapy protocols has brought the cure rate for ALL to nearly 80% currently [21, 24] . However, the response to treatment and the presence of side effects vary among patients due to factors such as age, sex and genetics [10] .
For instance, the antifolate Methotrexate (MTX), an antineoplastic agent with immunosuppressive proper-ties is used in the treatment of ALL and other diseases, such as rheumatoid arthritis [16, 29] . MTX is transported to the inside of the cell by the reduced folate carrier (RFC), which is very important to MTX efficacy [12, 16] . The enzymes from folate pathways have single nucleotide polymorphisms (SNPs) that can influence the effects of MTX, and the study of these SNPs can help in the management of patient care [5, 16, 32] , suggesting that population or inter-individual genetic differences may play an important role in pharmacogenetics responses [31] . The variability in the response to drugs occurs within and between populations and to individualize treatment it is necessary to characterize the genetic variations between individuals.
Admixed populations are prone to generating false negative/positive or spurious associations [28] due to the admixture stratification and different drug response phenotypes [26] . Thus, in such populations, studies may require the use of ancestry-informative markers (AIMs) to control for population stratification in or- Table 1  Pharmacogenetics polymorphisms and implicated drugs   Implicated drugs  Allele  Polymorphism  dbSNP ID  (Known and Suspected) 
der to avoid any association error [3, 4] . Since the Brazilian population has a heterogeneous genetic background [18] , studies have suggested that control for stratification using AIMs may be better for ensuring proper drug treatment according to the pharmacogenetics of the patient [26] . This is in preference to using a combination of the patients' physical traits, such as skin pigmentation combined with data extrapolated from other well-defined ethnic populations. In this study, we aimed to evaluate 20 different pharmacogenetic SNPs related to ALL drug response regarding population genetic differences between phase 3 HapMap populations [1] and the Brazilian population. In addition, we assessed correlation between SNP genotypes and genetic ancestry as inferred by the use of AIMs in the Brazilian population.
Methods

Population sample
The Brazilian population sample (BRA) consisted of 200 healthy, unrelated individuals, randomly selected from investigation of paternity cases. Individuals had no cost and signed an informed consent enabling the use of their DNA for paternity testing and further anonymous population genetic research. The sample was subdivided based on geographical origin, into groups of 40 individuals from the five Brazilian geopolitical regions: Center-West (CW), Northeast (NE), North (N), Southeast (SE) and South (S) [18] 
SNP selection and genotyping assay
SNPs related to drug response, focusing on those used in ALL treatment protocols, especially those related to methotrexate metabolism, were selected from the pharmacogenetics database (PharmgKB) and also from the literature [10, 13, 24] . We selected 20 SNPs mapping to 13 genes (Table 1) . PCR was performed in multiplex panels using the Qiagen Multiplex PCR Kit. After PCR, excess deoxyribonucleotide (dNTP) and primers were enzymatically eliminated using Exonuclease I and shrimp alkaline phosphatase. Single-base extension was carried out using the SNaPshot Multi- rs1800462 C n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 0.962 TPMT*3B rs1800460 A n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 0.028 TPMT*3C rs1800584 A n/a 0.009 n/a n/a n/a n/a n/a n/a n/a 0.006 n/a 0. rs4986913 C n/a 1.000 0.994 n/a n/a 1 n/a 0.990 n/a n/a 1 1 plex kit reaction mix (Applied Biosystems). The products were analyzed on the ABI 3130 Genetic Analyzer (Applied Biosystems) using POP-6 polymer [17] . Genotypes were called using the GeneMapper version 4.0 software (Applied Biosystems). The ancestry-informative markers were genotyped using SNaPshot Multiplex panels totaling 28 autosomal AIMs as described elsewhere [18] , following basically the same aforementioned procedure. The selected AIMs were reported as having large allele frequency differences among European,West African, and Amerindian populations [18] .
Statistical analysis
Estimates of allelic frequencies, tests of HardyWeinberg Equilibrium (HWE), AMOVA, F-statistics and pairwise Fst were carried out using algorithms implemented through the Arlequin 3.0 software [11] . The Whap software [23] was used to calculate singlemarker regression association between the pharmacogenetic SNPs and individual ancestry estimates used as quantitative traits in the BRA population.
Results
The allele frequencies of the 20 SNPs in the 12 different populations are displayed in Table 2 . At present there are no genetic data for two SNPs (rs1800462 and rs1800460) for any of the HapMap populations and therefore they were excluded from the population analysis. The SNP rs1138272 was monomorphic in three HapMap populations (CHB, JPT and YRI); the SNPs rs1122608 (SMARCA4), rs17323225 (XDH) and rs10264272 (CYP3A5) were monomorphic only in the YRI, JPT and CEU populations respectively; the SNPs rs7270101 (ITPA) and rs17011368 (XDH) were monomorphic in two populations (CHB and JPT); and the SNP rs4986913 (CYP3A4) monomorphic in four populations (CEU, JPT, YRI and BRA).
In the Brazilian population (BRA) there was one SNP (rs4986913, CYP3A4) that was monomorphic (for the C allele). The T allele was present only in the CHB and MEX populations, and then at a very low frequency. For this SNP there are no data available for the remaining populations. All of the SNPs in the BRA population were in accordance with HWE expectations, indicating the absence of inbreeding or population stratification [30] . As it has a continental size, the Brazilian sample was divided into five equal subsamples (corresponding to the country's geopolitical regions), according to the subject's birth place. The pairwise Fst estimates based on the 20 SNPs in the BRA subsamples are displayed in Table 3 . There were no significant values of Fst, and therefore the subsamples could be grouped into one BRA sample. Table 4 shows Fst estimates for all pairwise population comparisons at 18 loci. The p-value was significant for most of the population pairs, with the exception of the following pairs: BRA-CEU, BRA-TSI, CHB-CHD, CHD-JPT, and LWK-YRI. The lowest Fst value was between the BRA and CEU populations, and the highest was between MEX and YRI.
Thereafter, regression analysis between individual genetic ancestry in the BRA sample and the 19 polymorphic SNPs was performed. Six SNPs (rs1695 -GSTP1, rs1051266 -RFC1, rs1138272 -GSTP1, rs2236225 -MTHFD1, rs1800462 -TPMT*2, rs10264 272 -CYP3A5) showed significant correlation between allelic frequency and ancestry estimates (Table 5 ).
Discussion
The present study described the allelic frequencies of 20 pharmacogenetic polymorphisms in the Brazilian population, their comparison with HapMap populations and their correlation with genetic ancestry.
Few studies have investigated any of these 20 pharmacogenetic SNPs in other Brazilian samples. Of those that have, some showed similar frequency distribution when compared to our data. The frequency of the G allele of rs1051266 (in the RFC1 gene) in a sample of 172 individuals was 0.500 [6] and in the present study, we found a comparable frequency of 0.520. The A allele from SNP rs1695 (GSTP1 gene) showed a frequency of 0.687 when genotyped in 592 volunteers [25] . Its frequency in our sample was 0.658, very similar to the other studies.
The pairwise Fst calculations among the Brazilian regions showed no significant p-value, indicating no differences between the five regions of Brazil regarding the studied SNPs. As such all Brazilian regions could be grouped and considered as one non-structured population with regard to these pharmacogenetic polymorphisms. This knowledge is very important for planning future association studies using samples from all Brazilian regions. It minimizes concerns about potentially spurious associations due to population structure.
The Brazilian population is considered to be one of the most heterogeneous in the world, resulting from the admixture between Europeans, Amerindians and Africans over a period of just over 500 years. In previous studies, the ancestry of the Brazilian population, estimated based on mtDNA which informs regarding the maternal lineage, indicated 33% Amerindian contribution and 28% African contribution in white Brazilians [2] . The paternal lineage, determined by chromosome Y, in white Brazilians demonstrated a majority of European ancestry [8] . These results indicated that the Brazilian population was formed by European men and African and Amerindian women, in accordance with the developmental history of the Brazil population [8, 20] . The samples used in the study showed autosomal ancestry of 77.1% European, 14.3% African and 8.5% Amerindian [18] . Some SNPs in our population had allelic frequencies more similar to African populations, while others were more similar to Europeans, reinforcing the hypothesis that the admixture should have led to the inheritance and segregation of linkage disequilibrium blocks during the historical formation of the current Brazilian population.
The comparisons of allelic frequencies of 18 SNPs showed greatest similarity levels for genetically closer populations; for example, the pairs BRA-CEU, BRA-TSI, CHB-CHD, CHD-JPT, LWK-YRI, had higher similarity estimates as demonstrated by Fst pairwise calculations. The Brazilian population had a higher similarity for these polymorphisms with European populations (CEU and TSI), especially with the CEU sample. The greatest level of population divergence for BRA was with the African sample, followed by the Asian.
For some loci it was not possible to group different populations from HapMap according to geographic region, because the populations showed significant Fst values between them (Table 4 ). This result shows that geographically proximate populations may not always be grouped together because they may present significant differences amongst their genetic loci. Thus, results for one population cannot be extrapolated to others in these cases. Interestingly, if allelic frequencies are different, then, drug response in the nearest populations should also be investigated to establish and validate the variability regarding drug response and side effects between and within groups, and between individuals of different ethnicities [15, 31] .
We found six loci that were correlated with ancestry, though none of the loci presented high correlation values (Table 5 ). The low correlation observed between pharmacogenetic SNP genotype and ancestry indicates that in the Brazilian population, even at loci with different frequencies among populations, geographic ancestry has low influence on the allele frequency. This is due to the intensive admixture of the population. In association studies, population homogeneity is important mostly in the case of admixed populations, such as the Brazilian population. Understanding the genetic diversity in case-control or cross-sectional studies of disease association and drug response is necessary in order to avoid bias or spurious results, and there exists a consensus that this understanding should be achieved using ancestry informative markers [3, 4, 7, 26, 28] . However the present dataset does not support this consensus as for these polymorphisms in the Brazilian population, ancestry has no association with SNP genotypes suggesting that it is not useful to consider AIMs in this case.
Results found with CYP2C9 shows how ancestry and population specific alleles can be poorly correlated in an admixed population [14, 27] . This gene is responsible for the inactivation of important drugs and is important in pharmacogenetic studies concerning populations differences, as one of its alleles, CYP2C9*5, was reported only in populations of African origin [14, 27] . This polymorphism was found in a Brazilian subject self-declared as white that had individual genetic ancestry estimated as 92% European, 7.5% Amerindian, and 0.5% African. The analysis of the siblings and parents of this individual revealed that the African contribution was of maternal origin, as was the allele CYP2C9*5 [27] . This exemplifies that even small proportions of admixture can lead to adverse analytical risk in genetic research and drug response studies. Although studies show correlation between ancestry and response to treatment of ALL [5, 32] , the causes of these differences are not clear. To individualize the treatment it is necessary to study the genetic differences between individuals and not only between populations.
In conclusion, the present work reported a population study of pharmacogenetic polymorphisms related to the response to drugs used in treatment of ALL. The correlation between the genotypes at these loci and ancestry is low, and their frequencies differ between HapMap populations, even within the same geographic region. Genetic ancestry can influence the drug response in treatment of ALL [32] , however the pharmacogenetic polymorphisms studied do not show a strong association with ancestry in an admixed population. These findings indicate that at least in the general Brazilian population, drug response phenotypes cannot be inferred by observing biogeographical ancestry, as it has been in other ALL studies [32] . It is necessary to go straight to DNA variation in loci that have been identified as influencing drug response. We would like to point out the importance of incorporating SNPs related to drug response in future treatment protocols in the Brazilian population. In such studies ancestry estimates may also be incorporated as a wider measure of genetic influence on drug response. In this study it was not possible to evaluate the importance of the pharmacogenetic polymorphisms in the response to treatment in ALL, however our group is studying the same SNPs in Brazilian patients with ALL under treatment.
